Autosomal recessive retinal diseases caused by mutations in the ABCA4 gene are being considered for gene replacement therapy. All individuals with ABCA4-disease show macular degeneration, but only some are thought to progress to retina-wide blindness. It is currently not predictable if or when specific ABCA4 genotypes will show extramacular disease, and how fast it will progress thereafter. Early clinical trials of focal subretinal gene therapy will aim to arrest disease progression in the extramacular retina. In 66 individuals with known disease-causing ABCA4 alleles, we defined retina-wide disease expression by measuring rod-and cone-photoreceptor-mediated vision. Serial measurements over a mean period of 8.7 years were consistent with a model wherein a normal plateau phase of variable length was followed by initiation of retina-wide disease that progressed exponentially. Once initiated, the mean rate of disease progression was 1.1 log/decade for rods and 0.45 log/decade for cones. Spatio-temporal progression of disease could be described as the sum of two components, one with a central-to-peripheral gradient and the other with a uniform retina-wide pattern. Estimates of the age of disease initiation were used as a severity metric and contributions made by each ABCA4 allele were predicted. One-third of the non-truncating alleles were found to cause more severe disease than premature truncations supporting the existence of a pathogenic component beyond simple loss of function. Genotype-based inclusion/exclusion criteria and prediction of the age of retinawide disease initiation will be invaluable for selecting appropriate candidates for clinical trials in ABCA4 disease.
INTRODUCTION
Human ocular gene therapy success in a rare autosomal recessive blindness (1) (2) (3) (4) has recently paved the path to clinical trials in more common diseases of the retina such as those caused by mutations in the ABCA4 gene (5 -7). ABCR protein expressed by the ABCA4 gene is localized to photoreceptors of the retina (8, 9) and is hypothesized to be involved in the clearance from photoreceptor cells of a byproduct of the retinoid cycle of vision (10 -14) . Pre-clinical studies of gene therapy in abcr-deficient mice are accelerating now that the gene can be packaged in recombinant vectors derived from lentivirus (15) or adeno-associated virus (16) .
Are there any impediments to translating this promising therapeutic direction into human trials? One major hurdle to initiating treatment is the dearth of understanding of which ABCA4-mutant humans would be suitable candidates for early trials with the goal of halting or slowing down the relentless progression to blindness. The spectrum of clinically defined ABCA4 disease is notably broad (17 -19) , but there currently is no way of predicting whether or when an individual will progress to retina-wide blindness and thereby warrant a possible experimental intervention. This study quantifies the initiation and progression of disease in a large cohort of patients, defines a predictive model for the natural history of disease and characterizes the relationship between the parameters of this model and disease-causing ABCA4 variants. The results provide criteria for identifying appropriate candidates at appropriate ages and with specific ABCA4 variants for upcoming human gene therapy trials in ABCA4 disease.
RESULTS

ABCA4 mutations lead to a wide spectrum of disease severity
Sixty-six individuals representing 54 families were studied (Supplementary Material, Table S1 ). All individuals were found to harbor two ABCA4 variants likely to cause the retinal disease (18,20 -26) . In 40 families (74%), independent segregation of the two alleles was demonstrated. The ages at the time of their first visit ranged from 9 to 74 years (mean ¼ 35.9, median ¼ 35.2 years); in the majority of individuals (36/66¼55%), data were available from a second visit that occurred on average 8.7 years (range¼2 -20 years, median ¼ 6.9 years) after the first visit.
The range of disease expression in the macula is illustrated with retinal pigment epithelial (RPE) cell lipofuscin imaging ( Fig. 1 , left column). Retina-wide disease is shown with maps of photoreceptor-mediated function (Fig. 1 , middle and right columns). The five similar-aged individuals from different families in Figure 1 are representative of the disease expressions in the cohort. Mild macular disease could include minor lipofuscin disturbance limited to the foveal and/or parafoveal region such as P32 (patient 32) carrying V935A and IVS40þ5G.A alleles (Fig. 1A) . P32 retained foveal vision and a visual acuity (VA) of 20/32. Intermediate stages of macular disease showing different extents of macular atrophy surrounded by flecks or speckled regions are exemplified by individuals such as P31 carrying G863A and N1799D alleles (Fig. 1B) and P4 with C54Y and G863A alleles (Fig. 1C) . P31 had complete foveal degeneration and used a macular location 68 supero-temporal to the anatomical fovea to score a VA of 20/125. P4 also used an extramacular retinal locus and VA was 20/320. More severe macular disease consisted of a near-complete loss of the lipofuscin signal and atrophy of the macular RPE surrounded by additional smaller patches of atrophy as illustrated by P56, a compound heterozygote for A1598D and R1640Q alleles (Fig. 1D) or by P16, a homozygote for the L244P allele (Fig. 1E ). P56 and P16 used extramacular preferred retinal loci at 168 eccentric and VAs were 20/200 and 20/1000, respectively. The VA results in these five individuals were representative of the range of acuities (20/20 to 'hand motion') in the entire cohort (data not shown).
The spatial distribution of retina-wide visual function mediated by rod or cone photoreceptors was sampled on a regular grid by using dark-and light-adapted chromatic perimetry. All five patients had loss of sensitivity at the fovea. Outside the fovea, P32, P31 and P4 had mostly normal rodor cone-mediated sensitivities (Fig. 1A -C) ; the average sensitivity losses were 0.3, 0.7 and 4.5 dB for rods (3SD limits for normal þ/27.4 dB) and 20.6, 23 and 2 dB for cones (3SD limits for normal þ/24.4 dB), respectively. P56 and P16, on the other hand, had abnormal sensitivities retina-wide ( Fig. 1D and E) ; average sensitivity losses were 10.8 and 29.5 dB for rods and 8.0 and 16.8 dB for cones, respectively. Data from these five representative individuals suggest that visual function may represent a method to quantify and compare the range of retina-wide disease severities observed in different ABCA4 genotypes.
Progression of retina-wide ABCA4 disease in younger and older patients
Longitudinal studies over years to decades are the ideal data set for understanding the spatio-temporal progression of disease. Figure 2 illustrates serial observations made over 7-20 years in six individuals who at their initial visit showed no significant extramacular disease. P36 and P47 ( Fig. 2A) showed minimal progression of disease over an extended period of time. At age 11, P36 (A1038V;L541P/ N965S) had a sensitivity loss of 5.3 dB which was within normal limits; 8 years later at age 19 there was no significant change in sensitivity loss (5.6 dB). Similarly, P47 (P1380L/ G1961E) had a sensitivity loss (2.3 dB) that was within normal limits at age 45, and this increased, but not significantly, to 3.6 dB over an 8-year period. In contrast, P3 and P54 (Fig. 2B ) represent moderate (and significant) progression over a similar interval. P3 (W41X/R1098C) progressed from normal sensitivity (3.1 dB loss) at age 19 to a loss of 12.5 dB at age 27. P54 (T1526M/R2030Q) progressed from a mildly abnormal loss of 7.6 dB at age 47 to a greater loss of 14.4 dB at age 54. In some individuals, longer periods of follow-up revealed severe progression of disease (Fig. 2C ). For example, P10 (R152X/IVS38-10T.C) progressed from normal sensitivity (5.5 dB loss) at age 11 to a dramatically abnormal sensitivity (30.9 dB loss) at age 29. P61 (L1940P/ IVS40þ5G.A) progressed from normal sensitivity (6.1 dB loss) at age 34 to an abnormal sensitivity (23.8 dB loss) at age 54. It is notable that there were also individuals showing no apparent progression over 12 or more years (e.g. P42, P55), on the other hand, all individuals with significant retinawide disease at their initial visit showed significant further progression (data not shown). Cone sensitivity maps generally followed similar trends as the rod maps but losses were of smaller magnitude (data not shown).
Natural history of retina-wide disease: application of a model
In order to decipher the wide spectrum of retina-wide ABCA4 disease and its progression, we considered the principal study population as the subset of individuals (Group A, n ¼ 36) who had abnormal extramacular rod or cone sensitivity at one or more visits. Data from the remaining individuals with normal sensitivities (Group B, n ¼ 30) were used as a supporting study population since it was not known if or when in the future they would demonstrate retina-wide disease. Quantitative evidence for the wide spectrum of disease can be seen from the plots of rod-and cone-sensitivity loss against age ( Fig. 3A and B) . Group A individuals exhibited varying extents of sensitivity loss ranging from normal to severely abnormal, and those with longitudinal data show a tendency for progression from less abnormal to more abnormal tendency for no progression (nearly horizontal lines connecting the symbols). Next, we evaluated a model wherein disease progresses exponentially after an initial delay; variants of this model have previously been used to describe progression of different parameters related to vision in hereditary retinopathies (27 -32) as well as photoreceptor death kinetics in animal models (33, 34) . The model has two parameters: a time delay called age of disease initiation (ADI) and an exponential rate defining progression of disease after the ADI. Based on relatively small variability observed in progression rates of patients at different ages, we hypothesized that the ADI parameter is the dominant contributor to the observed variation in ABCA4 disease. For each Group A individual, the ADI value corresponded to the age when the x-axis intercepts the progression line of invariant slope (equal to the group median) fit to the sensitivity loss. For Group A individuals with two visits (n ¼ 19) progression lines were fit to minimize the error. Rod and cone ADIs were separately estimated from their respective data sets. For Group B patients, the ADI was specified to be greater than the age of their most recent visit with the presumption that these individuals would show initiation of retina-wide disease at a future visit (Supplementary Material, Table S1 ). Replotting the data shown in Fig. 3A and B against the time after rod-and cone-ADIs demonstrated an orderly natural history applicable to all individuals over a cumulative time period ranging over four decades ( Fig. 3C and D) . Rod-and cone-ADI values were highly correlated (linear regression, r 2 ¼ 0.92) with a slope of near unity, and there was a tendency for the cone ADI to occur earlier than the rod ADI at younger ages (data not shown).
Electroretinograms (ERGs) were available from 55 of 66 (83%) individuals at a single visit. ERGs represent an objective measure of the mean function across the retina. Rod and cone ERG amplitudes of Group A individuals showed a wide spectrum of severity across all ages, as expected from their rod and cone sensitivity loss data. ERG results of all Figure 2 . Serial data illustrating different levels of retina-wide disease progression. Evaluations in three younger (left two panels) and three older (right two panels) individuals with ABCA4 mutations demonstrate examples of minimal (A), moderate (B) and severe (C) progression of retina-wide rod disease over intervals ranging from 7 to 20 years.
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Group B subjects were within normal limits (Supplementary Material, Fig. S1A and B) . Application of the rod-and cone-ADI parameters derived from sensitivity data to the ERG data reduced the apparent variability and resulted in natural history functions showing an orderly progression of disease (Supplementary Material, Fig. S1C and D) . The psychophysical sensitivity and ERG results taken together suggest that the natural history of extramacular ABCA4 rod and cone disease is represented with a delayed exponential function to a good first approximation, and that ADI is a single parameter that can quantify the age of the delay and hence the severity of retina-wide disease.
Spatial progression of ABCA4 disease
There are notable extremes of ABCA4 disease: at one end of the spectrum are individuals with mild retinopathy confined to the macula, and at the other end are those with severe retina-wide disease (Fig. 1) . Spatial progression involving a centrifugal expansion of disease between the two extremes is often assumed but has never been established. We used our model of temporal disease progression to better understand spatial disease progression (Fig. 4) . Group A individuals were divided into three decades based on the estimated duration of the retina-wide disease (10, 20 or 30 years, Fig. 4A ) at the time of their visit. Maps of mean sensitivity loss for each decade of disease duration were compared with those individuals with no retina-wide disease (0 years, Fig. 4A ), which were conservatively chosen from the subset of Group B individuals with follow-up. Mean maps showed the deepening of the severity of macular sensitivity loss, centrifugal enlargement of the central dysfunction and progression of loss in peripheral regions (Fig. 4A) . The results suggest the existence of two components of disease: one showing a central-to-peripheral (centrifugal) spatial gradient of sensitivity loss with a boundary that expands over time, and the other causing a uniform progression of sensitivity loss over time. In order to quantitatively assess these two components, we used a spatio-temporal disease model based on the same delayed exponential model described earlier. The centrifugal disease component was defined by a spatially variant ADI that linearly increases with eccentricity and a spatially invariant progression rate; the uniform disease component included spatially invariant ADI and progression rates (Fig. 4B ). The sum of these two components (Fig. 4C, lines) was fit as an ensemble to the mean ABCA4 data (Fig. 4C, symbols) and Predicting mutant allele severity from disease severity
In our cohort of 54 families, there was considerable genetic heterogeneity with 59 different variants accounting for the disease causing alleles (Supplementary Material, Table S1 ). There were 6 truncations, 3 frame shifts, 4 presumed splicing defects and 46 missense mutations. Some of these variants were relatively more common and occurred in two or more families (Supplementary Material, Table S2 ), but most of them were found in one family only. We hypothesized that each allele makes an independent and additive contribution to severity of the retina-wide disease, and under certain simplifying assumptions, the disease contribution of each of the 41 Group A alleles could be estimated from the severity of the individuals carrying them. First, we assumed that all eight truncations and frame shift mutations resulted in no protein product and assigned them a standard severity value of 0. Next, we defined a standard ADI resulting from two truncating mutation alleles as 10.6 years based on the average value of the ADIs estimated for siblings (P19, P20) homozygous for the Y245X truncation. Then, we calculated a severity value for six alleles (D654N, R1098C, 
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Human Molecular Genetics, 2009, Vol. 18, No. 5 IVS38-10T.C, G1961R, G1961E and C2150Y) occurring in trans to the truncation and frame shift mutations by subtracting the standard ADI from the ADI of each individual; if there were several individuals with the same genotype, their ADIs were averaged. For four missense mutations occurring homozygously (L244P, R220C, N965S and P1380L), we assumed that each allele contributed equally to disease severity. And for an additional eight mutations (G818E, A1038V;L541P, E1087D, R1108C, E1122K, IVS40þ5G.A, L1940P and K2172R), we performed severity estimates recursively by using estimates established above. For the remaining 15 alleles occurring singly, we assumed that each allele contributes half of the severity. The resulting severity estimates for the 33 non-truncating variants in Group A individuals showed a substantial range where the contribution to delay of retina-wide disease initiation for the mildest allele was 70 years later than the most severe allele (Table 1) . To predict the ADI (in years) for an individual carrying alleles from this list, the severity values of each allele are added to the standard ADI. Reliability of the allele severity estimates were evaluated from multiple members of the same family. Generally, ADI estimates showed a consistency better than a decade (range 1-13 years) even though the ages of the individuals at the time of the evaluation could be more than three decades apart (Supplementary Material, Table S1 ). Predictability of the allele severity estimates was tested in 9 Group B individuals who were not included in the calculations above but who carried two alleles with available estimates. Unrelated individuals P11 and P12 had the same pair of mutant alleles, R152X and G1961E. At ages 21 and 19, respectively, these individuals had normal extramacular function which is consistent with the predicted ADI of 48.5 years (¼10.6 þ 0.0 þ 37.9 years, Table 1 ) for this allele pairing. P7 with C54Y and G1961E alleles had normal extramacular vision at age 40 consistent with a predicted ADI of 46.4 years (¼10.6 -2.1 þ 37.9 years, Table 1 ). Other individuals showing such consistency included P47 and P60 with normal extramacular vision at ages 52 and 30 with predicted ADIs of 56 and 27 years. P37 had nearly-normal results at age 19 but the ADI prediction from the genotype was age 4. In three individuals, there was qualitative consistency but quantitative differences. In P42, P55 and P58, the genotype estimates suggested late-onset retina-wide disease with ADIs ranging from 40 to 49 years. These individuals indeed had late-onset disease but at least 11-18 years later than predicted.
Were there clues from previous in vitro or in vivo studies to explain the differences in severity between mutations? In vitro biochemical analyses evaluating defects in protein yield, azido-ATP binding, basal and retinal-stimulated ATP hydrolysis (35 -37) do not provide criteria to differentiate between two of the severe mutations and seven of the milder mutations studied (Table 1) . In vivo studies in photoreceptors of transgenic Xenopus laevis tadpoles have shown mislocalization of several mutants in the inner segment due to severe misfolding of the proteins (38) . Curiously, two of these misfolding mutants are alleles predicted to be more severe than truncation mutations (Table 1 ). In order to evaluate possible relationships between severity estimates and molecular structural aberrations, we used a topological model of the ABCR molecule and three dimensional homology models of its two nucleotide binding domains (Supplementary Material, Fig. S2 ). Missense mutations were distributed throughout the different domains of the ABCR protein (Table 1) . Possible biochemical abnormalities and molecular structural aberrations could be postulated based on the observed phenotypic severity of mutants (Supplementary Material, Text) but phenotypic severity could not be predicted from molecular considerations.
DISCUSSION
The universal phenotypic feature of ABCA4 disease is progressive degeneration of photoreceptors and RPE in the macula (18, 24, 39) commonly leading to difficulty in performing everyday tasks such as reading small print (40) . When ABCA4 disease progresses from macula-only degeneration to retina-wide blindness, the quality of life deteriorates dramatically with loss of mobility and independence. Ideally, treatments should anticipate disease onset and cure the genetic abnormality before any vision is lost. More realistic, however, are clinical trials of gene therapy that will enroll individuals with existing macular degeneration. The best result for such therapy would be either to delay the initiation of retinal degeneration in genetically abnormal but phenotypically uninvolved extramacular retina or to arrest progression of disease in already affected areas. To enroll candidates for such a trial, there should be a way to predict reliably which individuals are destined for retina-wide disease progression within the 3 -5-year time frame of a clinical trial. The current study took an early step towards preparation for such therapeutic strategies by defining a model of disease initiation and progression, and applying this model to predict the natural history of retina-wide disease for individuals with different genotypes.
There is agreement in the literature that retinal disease caused by mutations in ABCA4 covers a wide spectrum of severity (17 -19) . Extremes of phenotype are easily identifiable. But in most individuals with ABCA4 disease, the phenotype is intermediate between the extremes, and there are no well-accepted metrics for comparing severities. Clinical criteria have been commonly used as a method of comparison. A diagnosis of STGD is considered to represent less severe disease than CRD or atypical RP (6, 7, 41, 42) because of the retina-wide involvement implicit in the latter diagnoses. However, many individuals with STGD can also show retinawide involvement, and wide variation in clinical severity is observed within each diagnostic category (20,23,43 -50) . Furthermore, rare longitudinal studies or cross-sectional studies in individuals with the same genotype provide evidence that ABCA4 disease can progress from a maculopathy consistent with STGD to a severe retina-wide degeneration (48, (50) (51) (52) (53) (54) . Therefore, it is unlikely that limited diagnostic criteria established in the pre-molecular era can reliably and reproducibly represent the spectrum of ABCA4 disease severity observed.
There have been previous attempts to quantify ABCA4 disease severity. For example, patient-reported age of disease onset has been used as a measure of disease severity (55, 56) , but it is not known how this metric relates to macular or retina-wide disease. ERG is a well-established objective metric of retina-wide visual function and studies using ERG have demonstrated a wide range of disease severity in ABCA4 mutations (53, 57) . In the current study, we used a psychophysical method of assessing rod and cone vision that sampled the whole visual field at regular intervals. Our previous work has shown that photoreceptors are the dominant contributors to loss of psychophysical sensitivity in ABCA4 disease (18) . Sampling of sensitivities across the visual field afforded us the advantage of determining spatial distribution of disease from the macula to the far periphery. Using a combination of longitudinal and cross-sectional data on sensitivity losses, we defined a simple model of disease progression based on exponential rates of rod and cone sensitivity loss. The only free parameter of the current model-the age of retina-wide disease initiation, ADI-can be thought to represent an absolute metric of disease severity that can be used to compare individuals within or across studies.
The relationship between ABCA4 genotype and resulting severity of retinal disease phenotype has been of longstanding interest (5 -7) . According to the commonly held residual ABCR function hypothesis, each ABCA4 allele produces either no protein or an abnormally functioning protein. The sum total of the residual function from the pair of ABCA4 alleles can range from normal to non-existent. The clinical severity of ABCA4 disease is thought to be inversely related to the residual ABCR function (7, 41, 42) . Indeed, individuals with truncation mutations in both of their alleles likely represent complete loss ABCR function and the corresponding phenotype reported has been among the more severe diseases (6, (50) (51) (52) 58, 59) . Consistent with this hypothesis were siblings in the current study (P19, P20) homozygous for Y245X truncation showing retina-wide disease within the first decade. However, for the majority of individuals carrying nontruncating (missense and splicing) mutations, the predictions of the residual ABCR function hypothesis are more tenuous. Our demonstration of individuals with two non-truncating mutations (such as P15, P16, P17, P18, P25 and P38) showing greater severity of disease than individuals with two truncating mutations are not consistent with the hypothesis relating ABCA4 disease severity solely to the extent of residual ABCR function. It could be argued that environmental and genetic modifiers contribute to the phenotypic variation, but until proven otherwise, we will assume that the dominant contributor to severity of this Mendelian disease is the underlying pathophysiology caused by the two mutant alleles.
ABCA4 disease pathogenesis could potentially include at least two pathways. One of these pathways is loss-of-function. Partial loss-of-function may result from reduced activity of mutant proteins (35 -37) properly synthesized, folded and transported to the rims of outer segment discs. Complete loss-of-function may result from degradation of misfolded or truncated proteins (60, 61) and there is in vivo evidence for the existence of misfolding alleles (38) . Loss of ABCR function is thought to result in retinal disease due to accumulation of toxic substances within photoreceptors and/or the neighboring RPE cells (10,13,14,38,62 -64) . It is important to note that misfolding alleles could exacerbate the loss-of-function pathology by a second pathway. Normally, the cellular system for degradation and clearance of misfolded proteins is highly efficient (60, 65) . But persistently elevated photoreceptor stress caused by atRAL accumulation (14) may overwhelm the protein turnover (66 -68) causing ER stress and initiation of the unfolded-protein response (UPR) (69) . Failure of the UPR to establish cellular homeostasis can result in apoptotic signaling (70, 71) . Our observations of a substantial subset of non-truncating mutations causing greater disease than truncating mutations could be explained by the exacerbation of the primary loss-of-function pathogenesis by toxic gainof-function and ER stress (72) . This subset of severe nontruncating mutations would not be expected to benefit from gene replacement therapy.
Accurate predictions of disease effects in the future will not only require a better understanding of the underlying pathophysiology, taking into account constantly evolving hypotheses about the exact function of ABCR, but also better biochemical assays of mutant alleles that are quantitatively
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Resolving the crystal structure of the ABCR molecule also is required to understand more precisely how various mutations may affect its function. In the meantime, prospective studies of the natural history of vision loss in ABCA4 patients to provide further proof for the hypotheses raised in the current work, are valuable prerequisites in preparation for clinical trials of gene therapy in ABCA4-associated diseases.
MATERIALS AND METHODS
Human subjects
The study population consisted of 66 patients (from 54 families) with known ABCA4 genotypes (Supplementary Material, Table S1 ). Informed consent was obtained; procedures followed the Declaration of Helsinki and had institutional review board approval.
Visual function
A complete eye examination was performed in all subjects including best-corrected ETDRS VA and Goldmann kinetic perimetry with V-4e and I-4e targets. Preferred locus of fixation was documented by using fundus imaging (39) and all psychophysical tests were adjusted to each individual's preferred fixation locus. Sensitivities were measured by using a modified automated perimeter across the full extent of the visual field at 71 loci placed on a 128 square grid (18, 73) . Chromatic (500 nm, blue, and 650 nm, red) stimuli (1.78 diameter, 200 ms duration) were used under dark-adapted conditions to estimate rod-mediated vision. Light-adapted testing with an orange (600 nm) target ensured mediation by the cone system. Sensitivity losses were calculated at each locus by comparison to locus-specific mean normal values. Mean retina-wide loss of sensitivity was calculated by considering loci at !308 eccentricity from the fovea (18) . In a subset of visits, macular imaging was performed with a confocal scanning laser ophthalmoscope (HRA1 or HRA2, Heidelberg Engineering, Dossenheim, Germany) as previously described (18, 24, 39) .
Molecular modeling of ABCR
Topological model of ABCR was based on currently available experimental evidence (12, 74) . Initial homology models of NBD-1 and NBD-2 domains of the ABCR molecule were generated with the SWISS-MODEL server (75) . Three models were created for each NBD. The templates for NBD-1 were the crystal structures of the ABC transporter ATP-binding protein from Thermotoga maritima (PDB ID 1VPL, 33.3% sequence identity), the ABC-ATPase of the glucose ABC transporter from Sulfolobus solfataricus (PDB ID 1OXT, Structural superpositions of the models showed close similarity with respect to location and general environment of the mutated residues. Therefore, models of NBD-1 and NBD-2 based on the 1VPL structure were chosen for further considerations. Figures were prepared using Pymol (http:// pymol.sourceforge.net/).
